1. Introduction {#sec0005}
===============

In contrast to the conventional notion that arteries dilate under hypoxia to cope with the metabolic stress in tissues, pulmonary arteries (PAs) show sustained contractile responses under hypoxic conditions in the lungs: this phenomenon is termed "hypoxic pulmonary vasoconstriction" (HPV). Each branch of bronchi (small bronchi and bronchioles) supplies airflow to a group of alveoli that are perfused by numerous capillaries from PA and arterioles. In fact, the lungs are perfused by the same amount of blood as all the other organs in the human body; pulmonary circulation and systemic circulation are simultaneously driven by the right heart (right atrium and right ventricle) and left heart (left atrium and left ventricle), respectively.

Accidental or pathological occlusion of airways results in collapsed alveoli (atelectasis) and local hypoxia. Blood perfusing the unventilated alveolar area (i.e., unoxygenated blood) converges with normally oxygenated blood in the left heart; this process inevitably lowers the oxygen partial pressure (PO~2~) in the arterial blood. This results in systemic hypoxia, which is a serious threat that should be prevented in a timely manner. In this respect, HPV is a physiologically important compensatory mechanism for the prevention of a ventilation/perfusion (V/Q) mismatch in the local regions of the lungs, and therefore for protection of humans and animals from systemic hypoxia. In addition, a surgical operation on the lungs requires total collapse of the operated lung (i.e., single-lung ventilation). Owing to HPV responses of the unventilated lung, the operation and anesthetic procedure are performed without obstructing the PA of the operated lung.

Although the physiological responses equivalent to HPV have been described previously, rigorous experimental analysis and deduction of its physiological implications (i.e., prevention of V/Q mismatching) were first performed by von Euler and Liljestrand in 1946.[@bib0005] Since then, the unique hypoxic constriction of PA has drawn attention of both clinical and basic researchers. In fact, numerous physiological studies have been performed to identify PO~2~-sensing mechanisms underlying HPV.[@bib0010], [@bib0015], [@bib0020], [@bib0025], [@bib0030], [@bib0035], [@bib0040] The putative PO~2~ sensors and their regulatory factors have been studied at many levels of varied complexity, including perfused lungs, dissected PA rings, and isolated PA smooth muscle cells (PASMCs). The precise understanding, however, is still incomplete, and the suggested molecular mechanisms are a subject of debate.

2. Experimental methods for studying HPV {#sec0010}
========================================

The ideal physiological condition for observing HPV would be the measurement of PA pressure (PAP) using a catheter *in vivo*. However, it is very difficult to draw a conclusion regarding a specific hypothesis using the *in vivo* model with numerous uncontrolled influences from all physiological levels. Therefore, to identify cellular mechanisms of HPV, researchers have opted for *in vitro* methods using isolated lungs, isolated PAs, and PASMCs.

2.1. HPV studies using isolated lungs {#sec0015}
-------------------------------------

Isolated ventilated/perfused lungs (V/P lungs) are relatively close to the real physiological conditions, and this model provides alveolar hypoxia through tracheal ventilation as well as maintains pulmonary circulation with blood cells while excluding neural and hormonal influences ([Fig. 1](#fig0005){ref-type="fig"}). In addition to excluding the effects of other organs and their systems, the extent of perfusion and ventilation can be controlled separately in a V/P lung. Because of these advantages, many studies have been performed using the V/P lung method in various species such as sheep, pigs, canines, rabbits, rats, and even mice.[@bib0035], [@bib0045], [@bib0050], [@bib0055], [@bib0060], [@bib0065], [@bib0070], [@bib0075], [@bib0080]Fig. 1**A hypoxic pulmonary vasoconstriction study using a ventilated/perfused lung model in rodents.** (A) A schematic drawing of the experiment. The rodent ventilator is connected to a tracheal cannula, and either normoxic \[O~2~ pressure (PO~2~), 21%\] or hypoxic gas (PO~2~, 3%) is passed through it. Perfusion of the pulmonary vascular system is achieved using a peristaltic pump connected to the right ventricle (i.e., pulmonary artery; PA) as an inlet and to the left atrium (i.e., pulmonary vein) as an outlet. Our system uses rat or mouse erythrocytes (closed circles in A). PA pressure is measured using a pressure transducer connected to the inlet tubing using a three-way connector. (B) Photo taken during the ventilated/perfused lung experiment in a mouse. LA, left atrium.

A typical experiment involving an isolated V/P lung is conducted as follows: Under deep anesthesia, tracheostomy is performed to establish regular ventilation with a gas mixture containing 21% O~2~ and 5% CO~2~. After administering heparin, catheterization of the main PA is performed, and the catheter is connected with a pressure transducer for measurements of PAP. The ascending aorta and PA are sutured together, and then a right ventriculotomy is performed to achieve drainage for pulmonary perfusion. The inclusion of red blood cells in the perfusate is usually helpful for obtaining stable and repetitive HPV responses.[@bib0075], [@bib0080]

2.2. HPV studies using an isolated artery segment (arterial ring) {#sec0020}
-----------------------------------------------------------------

It is generally accepted that HPV is intrinsic to PA; both a sensor and an effector are present in PASMCs. Therefore, theoretically, the measurement of isometric arterial tone should be an objective way to study HPV. It should be noted that hypoxia alone cannot induce HPV in an isolated PA; a partial contraction induced by a vasoactive agonist (a "pretone" agent) is necessary to attain reliable contractions in response to combined hypoxia. It is generally agreed that a variety of locally released intrinsic vasoactive agents (e.g., prostaglandins) are inevitably washed away during dissection of PA, and therefore, these agents should be supplied in an isometric contraction study. While studying HPV on isolated PA (HPV-PA) the precise effects and mechanisms of the pretone condition should also be considered for integrative understating of HPV (see a discussion later). In our case, the third or fourth level of PA segments (diameter, 0.2 mm; length, 3 mm) is assessed using a Mulvany-type myograph (410A; DMT, Aarhus, Denmark) during an HPV-PA study ([Fig. 2](#fig0010){ref-type="fig"}). The PA rings are mounted using 25-μm tungsten wires, and direct bubbling of a hypoxic gas (3% PO~2~, 5% CO~2~, and balanced N~2~) is used to identify the effects of hypoxia. The endothelial layer of PA is more vulnerable to mechanical damage during the process of wire insertion. The contribution of endothelium to HPV was neglected, as the presence or absence of an intact endothelium does not significantly affect the level of HPV measured using the myograph technique.Fig. 2**Isometric contraction measurement using a pulmonary arterial (PA) ring.** (A) A view of a rat lung. The third branch of the PA (arrow) was dissected and trimmed under a stereomicroscope. (B) PA rings placed in a Mulvany-type myograph using tungsten wires connected to two jaws (arrow). Although not shown here, the chamber fluid is directly bubbled with either normoxic \[O~2~ pressure (PO~2~), 21%\] or hypoxic (PO~2~, 3%) gas. (C) A representative recording of simultaneously measured PO~2~ and PA tone. An incremental change of PA tone (hypoxic pulmonary vasoconstriction) was discernable at PO~2~ below 7%.

2.3. HPV studies using precision-cut lung slices {#sec0025}
------------------------------------------------

Another type of experimental method for measuring PA contractions is morphometric video analysis of PA segments embedded in a thin slice of a lung ([Fig. 3](#fig0015){ref-type="fig"}). Viable tissue slices of uniform thickness (precision-cut lung slices or PCLSs) have been widely used for neurophysiological research. For a very soft organ like the lung, agarose gel instilling is required to attain appropriate solidity.[@bib0085] PCLSs can be cultured for 48 hours[@bib0090], [@bib0095], [@bib0100] and have been successfully used in pharmacological studies of airway contractility.[@bib0105], [@bib0110], [@bib0115], [@bib0120], [@bib0125] However, there are only a few trials of the PCLS technique, including ours, intended to study HPV and pharmacological responses of PA.[@bib0100], [@bib0130], [@bib0135]Fig. 3Procedure for the preparation of lung slices (precision-cut lung slices; PCLSs) and video analysis of airway lumens using PCLSs. The PCLS chamber was perfused with a physiological solution enabling drug application and washout. In addition, the temperature of the experimental solutions was maintained using water jacket circulation systems and a semitight cover.

2.4. HPV studies using isolated PASMCs {#sec0030}
--------------------------------------

Among the various molecular mechanisms underlying HPV, explanations involving O~2~-sensitive ion channels have been the most widely accepted. Therefore, it seems that elucidation of molecular identity of the O~2~-sensitive channel is the key question. In fact, many previous studies applied electrophysiological methods (e.g., patch-clamp technique) to PASMCs obtained by enzymatic digestion of PA tissues. Just as in other types of smooth muscle cells, membrane depolarization from approximately −60 mV to above −40 mV starts to activate voltage-gated L-type Ca^2+^ channels (VOCC~L~) in PASMCs. In this regard, either K^+^ channel inhibition or nonselective cation (NSC) channel activation is likely to induce membrane depolarization.

For preparation of isolated myocytes, dissected PAs are digested with collagenase and papain. Then, the softened PAs are gently agitated using a wide-bore fire-polished glass pipette. For patch-clamp experiments, a glass microelectrode with a small tip (diameter \< 1 μm) is used for each cell. Patch-clamp amplifiers are commercially available. Either steplike depolarization or ramplike pulses are applied to obtain a current--voltage relationship (*I*/*V* curves) of PASMCs. The bath solution is made hypoxic by bubbling it with N~2~ ([Fig. 4](#fig0020){ref-type="fig"}).Fig. 4**A schematic drawing of a whole-cell patch-clamp recording and representative traces of membrane currents.** Hypoxic perfusate \[O~2~ pressure (PO~2~), 3%\] decreased the amplitude of the outward K^+^ current (voltage-gated K^+^ channel current).PASMC, pulmonary artery smooth muscle cell.

3. Mechanisms of PA contraction and their regulation by hypoxia {#sec0035}
===============================================================

3.1. Background {#sec0040}
---------------

An increase in cytosolic Ca^2+^ concentration (\[Ca^2+^\]~c~) is crucial for contraction of smooth muscles. As for the source of the \[Ca^2+^\]~c~ increase, both Ca^2+^ influx through the plasma membrane Ca^2+^ channels and Ca^2+^ release from intracellular stores (e.g., sarcoplasmic reticulum) have been proposed, with differential relative contribution depending on the context. Among such models, the Ca^2+^ influx through VOCC~L~ seems to be the most crucial event. Because VOCC~L~ is activated by depolarization above −40 mV, the membrane depolarization of PASMCs is necessary for HPV. In this regard, the molecular nature of O~2~-sensitive ion channels determining the membrane potential has been the hot topic during the last decades of HPV research.

Among the proposed hypotheses, hypoxic inhibition of K^+^ channels has been suggested as an essential O~2~-sensing mechanism.[@bib0010], [@bib0015], [@bib0020], [@bib0025], [@bib0030] With regard to the subject of O~2~-sensitive K^+^ channels in PASMCs, numerous types of K^+^ channels have been proposed as the K^+^ channel for HPV. Such diversity is essentially due to the differences among various types of tissues (PA segmental levels) and differences among animal species. Even in a single type of PASMC, at least five different types of K^+^ channels (see the following discussion) are expressed, and each of them has been studied to determine the extent of O~2~ sensitivity.

The major types of K^+^ channels in PASMCs are voltage-gated K^+^ channels (the K~v~ subfamily), Ca^2+^-activated K^+^ channels (BK~Ca~, maxi-K), two-pore domain K^+^ channels (the KCNK subfamily channels such as TASK-1), adenosine triphosphate (ATP)-sensitive K^+^ channels (K~ATP~), and the KCNQ family.[@bib0020], [@bib0025], [@bib0140], [@bib0145], [@bib0150], [@bib0155] Among the various types of K^+^ channels, K~v~ channels have been the most promising candidates,[@bib0015], [@bib0020], [@bib0025], [@bib0030] and hypoxic inhibition of a K~v~ current was also confirmed in one of our studies.[@bib0160] Hypoxic inhibition of the TASK-type KCNK channel was also suggested in rat PASMCs.[@bib0140], [@bib0160] Nevertheless, the lack of a specific and selective blocker of TASK channels hinders precise evaluation of the contribution to the hypoxic depolarization of PASMCs. The putative functions of BK~Ca~ and K~ATP~ in the hypoxic depolarization during HPV are generally believed to be minor because specific inhibitors of these channels do not affect HPV.[@bib0165] Taken together, the aforementioned data suggest that hypoxic inhibition of K^+^ channel(s) has been suggested as a key event in the electrophysiological model of HPV. The resultant membrane depolarization could activate L-type Ca^2+^ current, and then pulmonary vasoconstriction is triggered.[@bib0015], [@bib0020], [@bib0170], [@bib0175] However, it is still debatable whether the hypoxic inhibition of K^+^ channel is sufficient or is the sole mechanism for inducing membrane depolarization in PASMCs. Different opinions on the molecular nature of O~2~-sensitive K^+^ channel are also important issues.

3.2. Debates on the nature of O~2~-sensitive K^+^ channels in HPV {#sec0045}
-----------------------------------------------------------------

Many researchers applied inhibitors of K~v~ channels \[e.g., 4-aminopyridine (4-AP)\] to PAs in order to identify the contribution of the O~2~-sensitive K~v~ current to HPV; in other words, 4-AP is used to mimic an HPV-like contraction. However, the response of PA to 4-AP is not consistent with the functional expression of K~v~ current. A critical question arises because the PA tone is not increased by 4-AP alone, as has been described in our study.[@bib0160] Such results suggest that the 4-AP-sensitive K~v~ current is not significantly active in the smooth muscle cells of intact PA. In other words, other types of K^+^ channels may be involved, that is, those that are active at more negative membrane voltage ranges than the threshold voltage for K~v~. In this respect, the so-called background-type K^+^ channels with two-pore domains (e.g., the TASK subfamily of KCNK channels) may play a role in determining the resting membrane potential of PASMCs. In fact, we and other groups have identified the expression of TASK-like channels in rat PASMCs and their inhibition by hypoxia.[@bib0140], [@bib0180] Nevertheless, as mentioned earlier, a selective blocker of TASK channels is still lacking, which hinders precise evaluation of the contribution of TASK-like channels in HPV. It is requested to consider the hypoxic inhibition of TASK-like K^+^ channels as one of the initial depolarizing signals for HPV ([Fig. 5](#fig0025){ref-type="fig"}).Fig. 5**The current model of the cellular mechanism of hypoxic pulmonary vasoconstriction in a rat pulmonary artery (PA).** Relevant ion channels are displayed. Under normoxia, the membrane potential of the smooth muscle of the PA is held at approximately −50 mV because of the TASK-like background current of a K^+^ channel. Hypoxic conditions initially decrease TASK activity. When combined with TXA~2~, activation of NSC induces membrane depolarization up to the threshold voltage for activation of K~v~ channels (Step 1). In addition to the NSC activation, hypoxic inhibition of the K~v~ current further depolarizes the membrane potential (Step 2). As the membrane potential depolarizes above −40 mV, the activation of VOCC~L~ eventually allows for Ca^2+^ influx for contraction of smooth muscles.K~v~, voltage-gated K^+^ channel; NSC, nonselective cation channel; TASK-1, background-type K^+^ channel with a two-pore domain (K2P); TXA~2~, thromboxane A~2~; VOCC~L~, voltage-gated L-type Ca^2+^ channels.

Perplexing results are also observed in perfused lungs. Different from the response of isolated PA, the application of 4-AP increases the PAP in rat lungs perfused by physiological salt solution containing blood components. In other words, 4-AP could mimic the HPV in V/P lungs. The divergent results obtained between isolated PA and V/P lungs suggest that some unidentified substances that are released from the tissue (e.g., lung parenchyma) or intrinsic to blood components are necessary for the sensitivity of PA to 4-AP. These data also suggest that hypoxic inhibition of K~v~ channels alone is not sufficient, and that additional procontractile stimuli seem to be indispensable for HPV. Then the question arises, what are the "pretone" agents responsible and what are the underlying mechanisms?

3.3. Necessity of pretone agents for HPV in an isolated PA {#sec0050}
----------------------------------------------------------

Most previous studies using isolated PAs demonstrate HPV responses in the presence of relatively low concentrations of contractile agents such as thromboxane A~2~ (TXA~2~) or prostaglandin F2-alpha (PGF~2α~).[@bib0010], [@bib0025] One of our studies showed that the application of a small amount of a TXA~2~ analog alone (U46619, 3--10 nM) induces only a weak contraction (5--10% of the control contraction induced by 80 mM KCl). Nevertheless, pretreatment with a low concentration of U46619 is necessary for HPV.[@bib0160] Another interesting finding was that 4-AP can evoke a strong contraction of isolated PA with U46619 pretreatment but not in the absence of U46619. Such results suggest that the stimulation of TXA~2~ receptor has a permissive effect of inducing sufficient depolarization in concert with the K~v~ inhibition by 4-AP (see the following discussion).

What is the cellular response to TXA~2~ in PASMCs? According to our recent report, the most likely candidate for the TXA~2~-activated conductance belongs to the NSC channels.[@bib0175] Through the activation of NSC channels, TXA~2~ may induce partial depolarization to the voltage range in which K~v~ activation can balance further depolarization. Within this mutually balancing range of membrane voltage, VOCC~L~ is not yet activated, or is only minimally activated. When hypoxic conditions are added, the hypoxic inhibition of K~v~ is expected to allow for significant depolarization that finally induces VOCC~L~ activation, Ca^2+^ influx, and vasoconstriction ([Fig. 5](#fig0025){ref-type="fig"}). The pharmacological inhibition of K~v~ by 4-AP would have similar effects, mimicking hypoxia. According to our recent study using pharmacological inhibitors and reverse transcription polymerase chain reaction analysis, the most likely candidate for the TXA~2~-activated NSC channel is transient receptor potential cation channel, subfamily V, member 2 in rat PASMCs, which requires further study using genetically modified tissue or animal for the final identification.[@bib0160]

4. Different HPV responses depending on methods {#sec0055}
===============================================

4.1. Necessity of pretone agent for HPV: Isolated PA versus V/P lung {#sec0060}
--------------------------------------------------------------------

As mentioned in the previous section, pretreatment with TXA~2~ is required for inducing HPV[@bib0160] in isolated PAs. By contrast, an HPV study using an isolated V/P lung showed that TXA~2~ is not necessary for HPV (i.e., for a PAP increase by hypoxia).[@bib0185] Without any pretone agent, however, HPV of a V/P lung generally shows attenuated responses to repetitive hypoxic challenges.

Pretreatment with angiotensin II enables repetitive and regular HPV in V/P lung experiments.[@bib0040], [@bib0065], [@bib0075], [@bib0190] In summary, angiotensin II is helpful for augmentation or stabilization of HPV and is not required for initiation of HPV.[@bib0185] It appears that angiotensin II can also be an effective pretone agent for HPV in an isolated PA. Surprisingly, application of angiotensin II does not induce HPV, whereas angiotensin II by itself induces a prominent and transient contractile response in rat PAs.[@bib0080] Taken together, the differential responses and the necessity of various pretone agents suggest that angiotensin II can induce a release (from lung parenchymal cells) of more direct pretone agents (e.g., TXA~2~ and PGF~2α~) for HPV of PAs.

4.2. Studies of HPV in PCLSs {#sec0065}
----------------------------

The V/P lungs are a more physiological model than the dissected PA. Nonetheless, because the circulatory systems are closed, they are difficult and inefficient for various experimental conditions, that is, their experimental flexibility is limited. For these reasons, it has been suggested that the PCLS model might serve as a compromise between the aforementioned two methods because of preservation of the influence of the lung parenchyma and its ability to vary the solution exchange and drugs applied. Furthermore, short-term tissue culture of PCLSs may be used for induction of pathological conditions. Recently, we tested feasibility of the PCLS technique for studies of HPV in terms of the necessity of a specific pretone agent. The results showed that the responses of PA segments embedded in PCLS are closer to the responses of isolated PAs than those of a V/P lung: (1) TXA~2~ is required for both HPV and 4-AP-induced constriction of PA segments in PCLS and (2) angiotensin II pretreatment is not effective for HPV in PCLS. These observations suggest that in the PCLS model, local vasoactive substances from the parenchymal cells adjacent to PA are insufficient to produce changes in PA. Therefore, it is necessary to use both an isometric tension assay using PA and PAP measurements using a V/P lung for the study of HPV.

4.3. Is TXA~2~ the intrinsic mediator of HPV in a V/P lung? {#sec0070}
-----------------------------------------------------------

Because TXA~2~ is one of the arachidonic acid (AA) metabolites, it is possible that various AA metabolites may serve as blood-borne modulators of HPV. Furthermore, phospholipase A~2~ can be activated by hypoxia.[@bib0195], [@bib0200], [@bib0205], [@bib0210] AA is metabolized through the following three major pathways: (1) cyclooxygenase (TXA~2~ and prostaglandins such as PGF~2α~ and prostaglandin I~2~), (2) lipoxygenase (leukotrienes), and (3) cytochrome P450 enzymes (epoxyeicosatrienoic acids and hydroxyeicosatetraenoic acids). Our study using pharmacological antagonists of the receptors of these aforementioned AA metabolites demonstrated that not only TXA~2~ but also cysteinyl leukotrienes can work as endogenous factors that facilitate HPV in rats. By contrast, the inhibitory effects of the receptor agonists are generally incomplete, suggesting that other intrinsic vasoactive agonists such as purinergic agonists[@bib0065] may serve as pretone agent(s) in pulmonary circulation.

4.4. Different effects of carbon monoxide on PA and a V/P lung {#sec0075}
--------------------------------------------------------------

Both a contractile agent and a relaxing molecule have different effects on HPV in isolated PA and a V/P lung. Endogenous carbon monoxide (CO) is thought to be one of the vasodilatory regulators. Like NO, CO activates soluble guanylate cyclase, and increases production of cyclic guanosine monophosphate in the lungs.[@bib0215] CO may also cause pulmonary vasodilation by activating BK~Ca~ and inducing hyperpolarization. Some researchers have explored the physiological functions of CO in PA or HPV.[@bib0070], [@bib0220], [@bib0225], [@bib0230], [@bib0235] According to our research, application of exogenous CO induces different results in a V/P lung and in PA. In isolated PAs, HPV is completely inhibited by 3% CO. By contrast, CO attenuates HPV of a V/P lung only by 50%.[@bib0070] It seems that the lung parenchyma may eliminate the inhibitory influence of CO; this effect may be mediated by HPV-related factors in an isolated lung, which are more complex than those in isolated PAs. Some vasoactive molecules might be released from the lung parenchyma and attenuate the relaxing influence of CO.

5. Conclusion and future directions {#sec0080}
===================================

In this review, we described various methods for measuring HPV and compared recent conflicting experimental findings obtained using different methods. The precise regulatory mechanism and the positive regulator of HPV are still controversial topics. The conflicting experimental results have been occasionally produced with varied experimental designs, methodologies, and species.

Lessons from the studies using isolated PASMCs and PAs can be combined to deduce an electrophysiological model of HPV in a rat PA ([Fig. 5](#fig0025){ref-type="fig"}). The model already contains a lot of information about multiple types of ion channels, taking into account their voltage dependence and agonist-induced signaling. In fact, even before this experimentally supported model, we proposed virtual simulation of PASMC where the necessity of a depolarizing NSC channel was emphasized.[@bib0240] These data may serve as a small but significant example of effectiveness of the integrative approach; the virtual model precedes our results described in this review and predicts the TXA~2~-activated cationic current.[@bib0070], [@bib0075], [@bib0080], [@bib0160], [@bib0185]

As summarized in this review, there are many cases and reports demonstrating the vast differences between an isolated tissue and an integrated organ, not to mention the whole organism. For more comprehensive and integrative understanding of the complex physiological responses such as HPV, we believe that it is necessary to conduct higher-level studies and to analyze the conflicting results obtained at the organ level such as a V/P lung. In addition, consideration of anatomical characteristics and physical forces and principles is likely to improve the model, which could eventually be used to advance a clinical understanding of human physiology and pathophysiology.
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